Abstract-A modification of the Alamouti code originally proposed for RF wireless applications is described that allows it to be applied in scenarios such as free-space optical communication with direct detection where unipolar modulations like pulse-position modulation and ON-OFF keying are traditionally used to convey the information. The modification of the code and associated decision metric is such as to maintain all of the desirable properties of the original scheme.
I. INTRODUCTION

I
N optical communication systems employing direct detection at the receiver, intensity modulations such as ON-OFF keying (OOK) or pulse-position modulation (PPM) are commonly used to convey the information. Consider the possibility of applying space-time coding in such a scenario using, for example, an Alamouti-type coding scheme [1] . Implicit in the Alamouti code is the fact that the modulation that defines the signal set is such that it is meaningful to transmit and detect both the signal and its negative. While modulations such as phase-shift keying (PSK) and quadrature amplitude modulation (QAM) naturally fall into this class, OOK and PPM do not since the signal polarity (phase) would not be detected at the receiver. In this paper, we investigate a modification of the Alamouti code to be used with such modulations that has the same desirable properties as the conventional Alamouti code but does not rely on the necessity of transmitting the negative of a signal.
II. SYSTEM MODEL
Consider an optical communication system with two transmit antennas and one receive antenna as shown in Fig. 1 . This model inherently assumes that both transmitters are simultaneously observed by the receiver, thus implying a large receiver field of view (FOV). This, in turn, implies a larger collected background radiation that could seriously degrade system performance. Therefore, care must be exercised to limit background through the use of appropriate spatial filtering prior to detection. For example, if the link distance is m, and the receiver FOV is rad, then the separation of the two transmitters cannot exceed approximately m (assuming small ). Thus, if 1 km and 10 mrad, then the transmitters would have to be less than 10 m apart for the scheme to work. This model is applicable to urban "last-mile" links where multiple transmitters and receivers can be envisioned to mitigate link outage due to turbulence, scattering, and occasional blockage.
III. MODIFIED ALAMOUTI CODE
The channel gain from antenna to the single receive antenna is denoted by , 1, 2, and is assumed to be constant over a two-symbol duration. In the conventional Alamouti code, in the first bit interval, antenna 1 transmits signal and antenna 2 transmits where and each range over the signal set . In the second bit interval, antenna 1 transmits whereas antenna 2 transmits . Note that here we are dealing with real signals, and thus the complex conjugate notation that normally appears on the 's transmitted in the second symbol interval is absent. A likewise statement applies to the channel gains which, in the application under consideration, represent the modification of the amplitude of the path from the optical source, e.g., a laser, to the photodetector-the phase modulation associated with the fading process disappears as a result of the direct detection. Furthermore, the channel gains, which here represent fading intensity, have statistical models equivalent to the magnitude squared of the channel gains in the RF problem.
We consider the channel model commonly employed in ground-based free-space optical links where high signal energies allow the approximation of the Poisson photon counting detection model by a much simpler continuous Gaussian limiting form. More specifically, we consider the case of binary communication in an additive white Gaussian noise (AWGN) background which occurs, for example, in a laser communication scenario where the signal energy is so great that the receiver signal-to-noise ratio (SNR) is limited by shot noise inherent to the photodetection process itself. System behavior in such a scenario is referred to as photon-limited or shot-noise limited operation [2, ch. 7] and [3] .
In the case of OOK, the signals are described by the waveforms (1) where is a positive constant related to the intensity of the light source and is the signal duration. In the case of binary PPM, the signals are described by the waveforms Note that, for either modulation, we can express one of these signal waveforms in terms of the other by As in the conventional Alamouti code, in the first bit interval, antenna 1 transmits signal and antenna 2 transmits where again and each range over the signal set ( , ) now chosen specifically in accordance with (1) or (2). In the second bit interval, however, antenna 1 transmits whereas antenna 2 transmits . Again, we emphasize the point that in the case of OOK or PPM we are dealing with real signals; hence, it is not necessary to associate any complex conjugate notation with and as is done in the conventional Alamouti code. Based on the above communication model, the received signals in the first and second bit intervals, respectively, are given by (6) or equivalently (7) where and are modeled as independent zero-mean Gaussian real random variables (RVs) with variance , and and are real.
Assuming perfect knowledge of the channel gains and the transmitted signal level, 1 the receiver uses the sequence , to construct (8) Substituting (6) into (8) However, from (4) and (5), . Using this in (9) gives (10) where the noise samples and are uncorrelated and, since they are Gaussian, they are also independent. Note that the decision metrics in (10) are identical to those of the conventional Alamouti code. Thus, the modified Alamouti code as described above produces a diversity of order two and partitioning of the maximum-likelihood (ML) decision so as to provide the necessary independence to allow each symbol to be detected separately.
The above modification can also be applied to the more general (not necessarily binary) PPM case. Here the th signa in the set is modeled as the waveform otherwise (11) and, analogous to the binary case, its complement would be defined as otherwise (12) Since from (11) and (12) we have , , then, analogous to (4) and (5), we would have which, when used in (9), once again produces (10). Before going on, we remind the reader that, when is greater than 2, transmitting the complement of an -PPM symbol requires more energy than the corresponding -PPM symbol itself. At the same time, however, taking the complement of an -PPM symbol does not increase its peak power which is at times the case of more interest.
IV. ML DECISION METRIC
The formulation of the ML decision rule generally requires a vector representation for both the received waveform and the transmitted signal set. The received waveform is expanded into a convenient set of orthonormal basis vectors spanning the entire signal space and is ultimately described by a vector of coefficients representing the projection of the noise-corrupted received waveform onto each basis vector. For the special case of single-dimensional signals, the vector representation reduces to a scalar model, and therefore a single coefficient of the general vector model suffices. Such is the case with the well-known binary PSK (BPSK) signals often employed in RF and coherent optical communications systems, and with the direct-detected Alamouti OOK signal set considered here.
Since OOK signals occupy a single-dimensional subspace of any general signal space, the transmitted signal set can be described by a constant representing the signal energy or zero representing the absence of a laser pulse. This is not the case with direct-detected optical PPM signaling, however, where even the simplest binary PPM signals require a two-dimensional (2-D) representation. The following derivation employs a scalar model to represent each temporal component of the received noise-corrupted Alamouti OOK signals propagating over the two channels, as well as all possible transmitted OOK Alamouti symbol components.
Based on the observation vector , the ML metric for choosing is proportional to the conditional probability density whose natural logarithm for the Gaussian model is given by (ignoring terms that are hypothesisindependent) (13) Using (8), this can be written as (14) Eliminating terms from (14) that are hypothesis-independent and introducing the vector notation , then, for the purpose of decision-making, the metric simplifies to (15) which is identical to that of the conventional Alamouti code. Finally, since the pair of information signals and to be transmitted are independently chosen from the binary signal alphabet, an ML decision can be made separately on each of them using the metric (16) with the corresponding decision rule:
Choose iff
The results just presented can be extended to more general signaling schemes such as optical direct-detected PPM; however, that requires a vector representation of the signal components and a corresponding modification of the ML decision rule. This generalization is the subject of future work.
In conclusion, as is well known for the conventional Alamouti code used in the RF application, for the perfectly known channel, the modified Aloumouti scheme is once again optimum in the ML sense, i.e., conditioned on the channel, it results in a minimum Euclidean distance per-symbol decision rule which in turn minimizes the error probability. We note, however, that although the proof of optimality is based on the conditional (on the channel gains) likelihood function, the actual performance of the modified Alamouti scheme will be very much dependent on the statistics [probability density functions (pdfs)] used to model the channel gains. Having said this, we point out to the reader a significant difference between the RF and optical applications. Since, for direct detection of OOK or PPM, the received signal current is proportional to the square of the optical field, the models most typically used for the magnitude of the channel gains, i.e., , 1, 2, which are associated with irradiance and arise from atmospheric-induced turbulence, are those that are normally associated with the squared magnitude of the channel gain in the RF application, e.g., negative exponential or gamma-gamma distributions. (Note that we have intentionally avoided the use of the term " -distribution" to describe the gamma-gamma distribution since the use of this terminology is inconsistent in the literature in that researchers dealing with RF wireless communications in the presence of fading often refer to the Rayleigh-gamma distribution as a -distribution [4] ).
V. EXTENSION TO MORE THAN ONE RECEIVE ANTENNA
Suppose now that the system contains receive antennas. As such, the generalization of (6) which are the identical statistics achieved by the conventional Alamouti code and demonstrates the achievement of a diversity of order as well as the ability to detect each symbol separately.
VI. A MORE SYMMETRIC SOLUTION
By inspection of (19), we observe that the bias terms (in one case, the sum of the product of the channel gains from both transmit antennas, and, in the other case, the sum of the squares of the channel gains associated with only the first transmit antenna) included in the modified Alamouti decision variables are different for and . Thus, one anticipates that, in the presence of imperfect channel state knowledge, the error probability performance associated with decisions on and might tend to favor one over the other. To produce a more symmetric decision mechanism, one can alternate transmissions between two equivalent Alamouti codes. The first code is as previously described. For the second code, the symbols sent in the first bit interval from each antenna remain the same. However, in the second bit interval, antenna 1 transmits whereas antenna 2 transmits , i.e., the roles of and trade places. In this case, analogous to (6) , the received signals in the first and second bit intervals, respectively, are given by (21) Likewise, the receiver now uses the sequence , to construct (22) Substituting (21) into (22) once again produces the identical decision variables as in (10). Thus, by alternating between the two codes, the effect of channel estimation errors in the bias terms tends to become balanced, thereby not favoring one symbol over the other. A similar construction can be applied in the case of more than one receive antenna.
VII. ERROR PROBABILITY PERFORMANCE EVALUATION
Since the decision statistics of the modified Alamouti code are identical to those of the conventional one, it is straightforward to evaluate the error probability performance of space-time coded (STC) optical systems by using the analytical tools developed for the RF wireless applications in, for example, [5] . The primary differences between the two performance evaluations are: 1) an additional 3-dB SNR loss relative to BPSK (for the same average transmitted energy) attributed to the fact that OOK and binary PPM are orthogonal (as opposed to antipodal) modulations and 2) the statistical modeling of the channel gain magnitudes in the optical application are those that are normally associated with the squared magnitude of the channel gain in the RF application, as mentioned previously. For example, for a single receive antenna STC system using the modified Alamouti code and either uncoded OOK or binary PPM, the conditional bit-error probability (BEP) is given by (23) where is the Gaussian -function with argument and is the total bit energy-to-noise spectral density ratio 2 per transmit antenna in the absence of turbulence (in OOK, represents the energy of the detected pulse in the "on" state whereas, in binary PPM, represents the pulse energy in either time slot). Assuming a negative exponential model for the i.i.d. channel irradiances , 1,2, as is often done as a limiting case of strong turbulence conditions [2] , given by (24) where denotes the average irradiance, then averaging (23) over the distributions in (24) and using the Craig form of the Gaussian -function [6] , we obtain after some routine integral evaluations the average BEP (25) where is the total bit energy-to-noise spectral density ratio in the presence of the turbulence. Using the asymptotic (large argument) form of the Gaussian -function, it is straightforward to show that approaches a value of 1/2 as . Similarly, for large , using the Gaussian -function approximation for small arguments, namely , it is straightforward to show that the average BEP behaves asymptotically as . At first glance, this asymptotic behavior might seem surprising in that it appears to imply that the modified Alamouti code does not provide a diversity of order two. However, in the absence of Alamouti coding (i.e., no space diversity) and in the presence of the assumed exponential distribution modeling of the fading due to turbulence, the average BEP varies as . Thus, there is in fact a diversity of order two when using the modified Alamouti code together with OOK or binary PPM.
VIII. CONCLUSION
We have successfully shown that the Alamouti code, which has heretofore been applied to RF wireless applications in which real and complex bipolar modulations are the norm, can be modified to allow its use with unipolar modulations like PPM and OOK, as is typical of free-space optical communications with direct detection. While for the purpose of demonstration the presentation has focused on the simplest of scenarios, evaluation of the performance for other statistical irradiance models, more than one receive antenna and a combinations of trellis coding with the modified Alamouti block code are straightforward based on the vast literature available for the RF application.
